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SCIENCE FOR SOCIETY With increasing open-ocean industrial activities and governance structures still in
development, negative impacts on marine biodiversity are growing. Collaboration among ecologists, data
scientists, sociologists, and economists is needed to identify optimal locations to establish protected
areas. These locations should meet conservation targets while minimizing economic losses to the industrial
sectors they constrain. Concurrent consideration of multiple industries generates efficiency in the extent of
the area required to ensure ecosystem services and better protects marine life against cumulative industrial
impacts. This will help safeguard marine life and the ecosystem services it provides, including food, oxygen,
climate stability, and medical innovations.

SUMMARY

Over the past 20 years, industrial activities have accelerated in the open ocean. Fishing, shipping, and deep-sea
mining are major drivers of this “blue acceleration,” with each having its own suite of impacts on species, com-
munities, and ecosystems. We use a systematic conservation planning approach combining ecological and so-
cioeconomic data from the fishing, shipping, and deep-sea mining sectors to examine the utility of a cross-sec-
toral approach. Applying our framework to the Indian Ocean, we show that the cross-sectoral spatial plan
meets the same conservation targets at a lower overall cost and using a smaller area compared with sector-
specific plans implemented simultaneously. In addition, we identify areas that are best suited to conservation
using areplacement cost metric. Our approach ensures affordable biodiversity protection throughout the water
column and can serve as a first step toward the implementation of the recently signed High Seas Treaty.

INTRODUCTION has seen a greater diversity of stakeholders interested in re-

sources in areas beyond national jurisdiction (ABNJs; i.e., the
Since the 1950s, industrial activities have expanded into the high seas and international seabed beyond exclusive economic
open ocean, driven by diminishing resources and technological  zones®). Recognizing the need to meet increased use of ABNJs
developments.“2 In recent decades, this “blue acceleration” with a holistic governance structure, the United Nations have
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recently agreed upon an international legally binding instrument
for the conservation and sustainable use of marine biological di-
versity in ABNJs.” A key element of this new treaty is the articu-
lation of a mechanism for the implementation of area-based
management tools in ABNJs, including marine protected areas
(MPAs). While the treaty does not specifically protect any part
of ABNJs and there will be challenges in implementation, the
development of a mechanism to designate MPAs in ABNJs is
critical to the delivery of Target 3 of the Montreal-Kunming
Global Biodiversity Framework (CBD 2022, CBD/COP/15/L.25),
which sets out the latest area-based targets for conservation
of terrestrial and marine environments (i.e., 30% by 2030).°

To inform the design of MPAs, systematic conservation plan-
ning leverages ecological and socioeconomic data and optimi-
zation algorithms.®™ In the 20th century, the fishing sector was
arguably the most important maritime stakeholder and the great-
est impact on oceanic biodiversity.'®'" Thus, MPAs have been
generally designed to minimize conflict with the fishing
sector,'?"'® ignoring other major stakeholders such as shipping
and mining. Consequently, marine organisms can be poorly pro-
tected against impacts linked to maritime transport'* and
seabed exploration for mineral extraction'>'® (e.g., collisions,
pollution, habitat degradation). The single-sector focus of con-
servation planning in coastal and oceanic areas has led to the
compartmentalization of conservation strategies due to
competing priorities among sectors, with deleterious impacts
on biodiversity.'""'®

The inclusion of multiple stakeholders in systematic marine
conservation planning has been recognized as a major technical
challenge.'® Except for fishing revenue, the monetary value of
human uses of marine space and resources is rarely available,
hence complicating the generation of a single-unit cost layer
with a common unit across human uses of the ocean.”?" This
approach to marine spatial planning is inequitable, placing all
the conservation burden on the fishing sector. It also fails to
acknowledge the potential impacts other sectors may have on
marine biodiversity. As sectoral divisions may further hinder im-
plementation, it is important to develop multisectoral ap-
proaches for the placement of MPAs.??

While MPAs in ABNJs have been implemented in the North
Atlantic®® and the Southern Ocean,?* there are none in interna-
tional waters in the Indian Ocean, despite the rapid expansion
of human activities there. Fishing effort is predicted to increase
due to ongoing fleet motorization and population growth within
coastal nations.?>?° In addition, merchant shipping will grow
as China develops cooperation strategies with African nations.*’
The Indian Ocean is also a mineral-rich region, with potentially
imminent exploitation of polymetallic sulfides and nodules along
the Southwest Indian Ridge and Central Indian Ocean Basin and
ongoing research of cobalt-rich crusts.?® These threats pose
risks for endangered local megafauna, such as the Indian pygmy
blue whale Balaenoptera musculus indica Blyth (1859) and the
whale shark Rhincodon typus Smith (1828).?°*° Seamounts
and plateaus in this region also host vulnerable deep-sea fish
and ecosystems, whose slow growth rates have made them
vulnerable to commercial exploitation.®'*? In addition, 60% of
vent mollusks in the Indian Ocean are critically endangered,
and 100% of them are threatened, which is the highest value
among global biogeographic regions.®® Given the increasing
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use of this biodiverse region and the new mechanism for devel-
oping MPAs in ABNJs, developing MPAs that are equitable
across sectors in the open ocean and deep sea of the Indian
Ocean is crucial.*

Here, we assess the potential trade-offs associated with
including multiple stakeholders in a cross-sectoral marine spatial
plan for ABNJs in the Indian Ocean. We first created three
sector-specific spatial plans to identify optimal locations for
no-take MPAs, ensuring that conservation targets are met at a
minimal cost to the fishing, shipping, and deep-sea mining sec-
tors. We then created a cross-sectoral no-take spatial plan that
minimizes the opportunity cost to all stakeholders simulta-
neously. After generating the spatial plans, we compared the
three sector-specific solutions, as well as their union, to the
cross-sectoral solution. Our analysis shows that explicitly ac-
counting for different sectors in cross-sectoral conservation
planning can achieve Target 3 of the Kunming-Montreal Global
Biodiversity Framework (CBD 2022, CBD/COP/15/L.25) at an
affordable cost for all stakeholders and at a lower cost than if
all sector-specific plans are implemented without coordination.
This ensures at least 30% coverage for important biodiversity
features, including key life-cycle areas for marine megafauna,
areas of biological and ecological interest, and areas important
to deep-sea ecosystems (e.g., seamounts, vents, and plateaus).
The early engagement of stakeholders into cross-sectoral spatial
planning processes will thus facilitate cost-effective implemen-
tation of the recently signed High Seas Treaty.®'®

RESULTS

Sector-specific conservation

Sector-specific plans differed in terms of size, spatial distribution
of MPAs, and areas of higher importance. The fishing-specific
plan protected 2.6 million km? (7.8% of the planning region
across both the western and the eastern Indian Ocean; Fig-
ure 1A). This resulted in a relative opportunity cost of 19.5% to
the fishing sector (Table 1), where the relative opportunity cost
is the percentage of the total possible foregone economic activ-
ity for that sector. MPAs with planning units having the highest
replacement cost (i.e., where the protection of biodiversity
cannot be achieved elsewhere at a lower cost) for the fishing
sector were on the Mascarene Plateau (northeast of
Madagascar; see Figure S1 for all locations mentioned in the
text) and in the southwestern Indian Ocean, along the Agulhas
Front and the southern Mozambique Channel (Figure 1B). In
these areas, high-value fishing areas (>10,000 USD year ') over-
lap with two or more conservation features, driving up the cost of
each planning unit. By contrast, the shipping-specific plan pro-
tected 5.6 million km? (16.9% of the planning region, resulting
in a relative opportunity cost of 0.6% for the shipping sector),
with no MPAs protecting the easternmost conservation features,
such as Important Marine Mammal Areas, which were cheaper
to protect in the southern Indian Ocean (Figure 1C). Planning
units with the highest replacement cost for the shipping sector
were in the Arabian Sea (Figure 1D), where dense shipping
routes (>100,000 ships year™~") overlap with two or more conser-
vation features. Finally, the mining-specific plan protected 7.3
million km? (21.8% of the planning region, resulting in a relative
opportunity cost of 1.6% for the mining sector; Figure 1E).
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Figure 1. Optimal spatial plans and their corresponding replacement cost score

Optimal planning units are selected (dark blue) to become part of the spatial plan (A, C, E, and G). The replacement cost score of each selected planning unit is
also shown (B, D, F, and H). Higher values of the replacement cost score indicate that planning units are more expensive to replace and are thus more important
for achieving the conservation targets while minimizing the opportunity cost.
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Table 1. Protected areas characteristics

Surface area (x1,000 km?)
(% of the planning region)

Cost to the fishing
sector (relative cost)

Cost to the shipping
sector (relative cost)

Cost to the deep-sea
mining sector (relative cost)

Fishing-specific plan 2,606 (7.8%) 3.7 (19.5%) 159.0 (7.5%) 19,000,000 (5.4%)
Shipping-specific plan 5,639 (16.9%) 7.0 (36.6%) 13.2 (0.6%) 23,000,000 (6.6%)
Deep-sea-mining-specific plan 7,274 (21.8%) 9.8 (51.1%) 539.0 (25.5%) 5,420,000 (1.6%)
Union of all three 8,084 (24.2%) 10.2 (53.5%) 556.0 (26.3%) 27,000,000 (7.7%)
sector-specific plans

Cross-sectoral plan 2,522 (7.6%) 3.8 (20%) 21.2 (1%) 6,980, 000 (2%)

Relative cost is the opportunity cost incurred as a result of foregone economic activity in a given spatial plan, expressed as a ratio of the total possible
sector-specific opportunity cost if MPAs encompassed the entire planning region. This allows for the comparison of costs expressed in different units:
fishing, USD 100,000 year™"; shipping, 100,000 ships year~'; deep-sea mining, USD 100,000.

Planning units with the highest replacement cost for the
deep-sea mining sector were selected in the southern
Mozambique Channel (Figure 1F), where polymetallic nodule
fields (>1,000,000,000 USD) overlap with conservation features.

The degree of agreement as measured by Cohen’s « coeffi-
cient®® varied considerably between the sector-specific plans.
The agreement between mining-specific and shipping-specific
plans was substantial (x = 0.72), driven by the similarity in
selected areas in the southern Indian Ocean, such as the Agul-
has Front region, where both sectors have minimal activities.
However, mineral-rich eastern plateaus are not protected in
the mining-specific plan, whereas both the fishing- and the ship-
ping-specific plans select this area for protection. Overall, both
the mining- and the shipping-specific plans had a lower agree-
ment with the fishing-specific plan (xk = 0.36 and « = 0.43,
respectively).

Cross-sectoral conservation

In the cross-sectoral plan, MPAs spanned 2.5 million km? to
meet the conservation targets (7.6% of the planning region; Fig-
ure 1G and Table 1). This is similar to the fishing-specific plan
and lower than the mining- and shipping-specific plans. This
plan protected areas in the southern Indian Ocean, the eastern
plateaus, and parts of the Arabian Sea, except for major shipping
routes along 10°N. Planning units with the highest replacement
cost for the cross-sectoral plan were selected in the western
Agulhas Front and the central Arabian Sea, where conservation
features overlap with shipping routes and/or high-value fishing
areas. It most closely resembled the fishing-specific plan
(x = 0.85), except for MPAs in the Arabian Sea, which were
more similar to MPAs of the shipping-specific plan in that region.
By contrast, the agreement of the mining- and shipping-specific
plans with the cross-sectoral plan was weak (x = 0.39 and
k = 0.46, respectively).

The cross-sectoral plan yielded slightly more expensive, but
still comparatively affordable MPAs for all sectors (Table 1). Spe-
cifically, opportunity costs incurred by the fishing sector
increased from 19.5% (fishing-specific plan) to 20% (cross-sec-
toral plan). For shipping and mining sectors, opportunity costs
increased from 0.6% to 1% and 1.6% to 2% from the sector-
specific to the cross-sectoral plan, respectively. As such, the
additional relative opportunity cost for each sector when consid-
ering other sectors is 0.5% for the fishing industry and 0.4% for
the shipping and deep-sea mining industry. By contrast, the rela-
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tive costs in the cross-sectoral plan are lower for all sectors than
the costs incurred by every sector if all sector-specific plans are
implemented simultaneously. For instance, the fishing sector
may lose 20% of its potential revenue in the cross-sectoral
plan, but it would lose 54% if all sector-specific plans were im-
plemented simultaneously without coordination (i.e., an addi-
tional relative opportunity cost of 34%). This finding was also
consistent for the shipping and mining sectors, with the shipping
sector losing 26% of its potential revenue and the mining sector
losing close to 8% (i.e., an additional relative opportunity cost of
25% and 6%, respectively) if all sector-specific plans were im-
plemented instead of the cross-sectoral plan.

DISCUSSION

We showed that the fishing-specific spatial plan differed sub-
stantially from the mining- and shipping-specific plans, which
highlights the importance of considering different sectors when
designing MPAs. In addition, the cross-sectoral plan can meet
the same conservation targets at much lower additional costs
for each stakeholder than if all sector-specific plans are imple-
mented without coordination. These findings emphasize both
the importance and the feasibility of cross-sectoral conservation
planning in ABNJs, which is key to better protecting marine eco-
systems against the negative impacts of fishing, shipping, and
deep-sea mining.

The disparate distribution of sectoral activities drives
differences in plans

The dissimilarity of the fishing-specific plan to the other
sector-specific plans is a consequence of two aspects of
the fishing opportunity cost data. Opportunity cost for each
sector is driven by the geographic distribution of activities or
potential future activities. These areas are largely not spatially
congruent across sectors. For instance, while fishing overlaps
with biodiversity features south of 37°S, both mining and ship-
ping cost datasets have near-zero costs for planning units
located south of 37°S. This results in the selection of >1,000
planning units (>1,000,000 km?) in this region for the shipping
and mining sectors (see Figures 1 and 3). Second, high-value
areas for each sector were geographically dispersed. Most
high-value planning units for the fishing sector are in the
southern and western Indian Ocean, especially surrounding
the Mascarene Plateau, where tuna, emperor, and grouper
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are key commercial species.’® By contrast, the most high-
value planning units for the deep-sea mining sector are in
the central (polymetallic nodules) and eastern (cobalt-rich
crusts) Indian Ocean.?®*” Similarly, the most high-value plan-
ning units for the shipping sector are routes linking Asia with
Australia in the east and with the Mediterranean Sea in the
center north,>® away from major ABNJ fishing grounds.
Thus, differences in the sector-specific plans are driven by
the broad distribution of fisheries, compared with the concen-
trated mineral resources or shipping routes.

The importance of the differences in the distribution of oppor-
tunity costs among sectors also affects the size of the area being
protected in each plan. Notably, the cross-sectoral plan required
less area to meet the set conservation targets than any sector-
specific plan (Table 1). When opportunity costs are combined
across sectors, the number of planning units with no opportunity
cost decreases, leading the prioritization algorithm to be more
selective, thus reducing the size of the MPAs generated.
Because fisheries operate more broadly than shipping or
deep-sea mining, the fisheries-specific plan was the second
smallest. By contrast, the shipping and deep-sea mining plans
contain numerous planning units of no cost that overlap with
biodiversity features, thus generating much larger solutions.
While opportunity cost is central to considerations of equity
among industries in developing these plans, generating a smaller
overall MPA network size is critical for feasibility and
enforcement.

Sector-specific MPAs: Differing priorities

The fishing-specific plan also has high relative opportunity cost.
This is reflected in the replacement cost scores for the Saya de
Malha Bank seagrass bed on the Mascarene Plateau, which
was given a protection target considering its importance to
reef fish, tuna, and marine mammals such as the endangered
pygmy blue whale B. musculus indica.>° Removing this conser-
vation feature decreases the relative opportunity cost for the
fishing sector from 19.5% to 2.6% (a summary of the economic
impact of each conservation feature on each sector is available
in Table S1). However, protecting the Saya de Malha Bank is
important for eastern African countries such as Somalia, where
coastal waters are strongly linked to the high seas through the
South Equatorial Current, which flows over the Mascarene
Plateau.“® This current enhances larval circulation toward the
coast, thus supporting traditional fisheries in low-income coun-
tries.*>*! By contrast, allowing extensive fishing in the Mascar-
ene Plateau and other ABNJs would negatively affect traditional
coastal fisheries through downstream genetic impoverishment
and reduced recruitment, while minimally contributing to global
food security.”> Further, as 97% of the fishing vessels in
ABNJs are flagged to high-income countries and benefit from
government subsidies to remain profitable, the benefit to local
economies is often minimal.**>** Therefore, establishing MPAs
in these high-value fishing grounds in the Indian Ocean will
ensure wide socioecological benefits despite a high opportunity
cost for high-seas fishing fleets.

Unlike high-value fishing grounds, maritime transport routes
are not correlated with higher biodiversity, and MPAs can be
designed around them. This yields low-cost spatial plans
with large shipping-specific MPAs, with a relative opportunity

¢ CellP’ress

cost two orders of magnitude lower than that of fishing-spe-
cific plans. Because low-cost cells could be chosen, the
area selected is vast, resulting in a solution that exceeds three
times as many conservation targets (Figure S2). Critically,
while shipping-specific MPAs did not include the easternmost
Important Marine Mammal Areas, which could be selected at
a lower cost in the southern Indian Ocean, they protect fea-
tures in the Arabian Sea despite high traffic, as highlighted
by high replacement cost scores. This is crucial, as this region
has high shipping-related threats,*® such as chronic low-level
pollution from ship-based formaldehyde discharge*® and to-
tal-loss cargo accidents.”” Further risks linked to maritime
transport include unreported ship strikes, which are likely to
be responsible for the limited recovery of some marine mega-
fauna species, such as the whale shark, whose populations
continue to decline despite protection.'® Given that numerous
deep-sea organisms rely on pelagic subsidies, such as whale
falls, the preservation of megafauna is key to maintaining
deep-sea ecosystems.”® Consequently, excluding busy ship-
ping routes from MPAs is both beneficial and affordable
in ABNJs.

While mineral-rich areas may overlap with ecological fea-
tures, such as hydrothermal vents, seamounts, or plateaus,®’
the mining-specific plan also yields large MPAs of low relative
opportunity cost. Specifically, the plan uses three times more
space than the fishing-specific plan and exceeds three and a
half times the number of conservation targets (Figure S2), for
a relative opportunity cost an order of magnitude lower than
for the fishing sector. The weak overlap between mineral-rich
areas and conservation features is also highlighted by the few
planning units exhibiting a high replacement cost score, all of
which are in the ABNJ of the Mozambique Channel, where min-
ing is unlikely to take place before polymetallic nodules in the
central Indian Ocean become depleted.?® Critically, no MPA
was generated to protect the cobalt-rich eastern plateaus, as
plateaus could be protected at a lower cost in the western In-
dian Ocean. Considering growing demand for cobalt, these pla-
teaus are nonetheless likely to be mined.?® Negative impacts of
deep-sea mining on biodiversity, such as gill clogging or habitat
destruction, are likely to take decades to return to normal, as
deep-sea species show slow rates of recovery after distur-
bance.”® Further, once deep-sea mining begins at industrial
levels, its footprint will be larger than the directly affected sea-
floor itself because of sediment and discharge plumes that
spread over several kilometers.”® Providing buffers around
MPAs in mineral-rich ABNJs would reduce their proximity to
metal-laden plumes and will ensure persistent protection
regardless of growing global demand for copper, nickel, and
cobalt.

Cross-sectoral MPAs: An affordable compromise
The cross-sectoral plan better protects organisms against both
sector-specific and cumulative impacts from industrial uses of
ABNJs.*® Further, its optimal integration of multiple socioeco-
nomic interests will facilitate implementation.'®22

The intrinsic conservation advantage of cross-sectoral plans
over sector-specific plans is the protection from all sector-spe-
cific threats—direct exploitation, bycatch, close-range interac-
tions, habitat degradation—and their cumulative effects.'®*°
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Cumulative impacts are especially important for organisms at
higher trophic levels, such as pelagic predators. Seabirds, for
instance, are frequently caught as bycatch, but may also see their
habitats degraded by shipping and potentially by deep-sea min-
ing activities, in addition to some of their prey being directly ex-
tracted by the fishing sector.*® Further, their prey may suffer
from warm or toxic discharge waters and other deep-sea-min-
ing-related activities.'>'®°° The generated cross-sectoral plan
implies a ban on all fishing, shipping, and mining activities within
the water column and seafloor of selected planning units, thus
ensuring the mitigation of cumulative impacts from surface to
seabed. Where deep-sea communities depend on pelagic sub-
sidies, such as prey or detritus, protecting vertical ecological con-
nectivity is crucial.*® Cross-sectoral no-take MPAs may thus bet-
ter protect both individual species and communities by
maintaining habitat quality and trophic relationships.

Employing a cross-sectoral approach to conservation also has
numerous political advantages. First, the cross-sectoral spatial
plan is feasible with low additional opportunity costs for each
stakeholder. With an additional relative opportunity cost of
0.4% for the shipping and mining industries, and of 0.5% for
the fishing sector, the proposed cross-sectoral spatial plan
met all conservation targets. The economic advantage is espe-
cially notable when the cross-sectoral plan is compared with
the simultaneous implementation of each sector-specific plan,
which results in a 2- to 20-fold increase in opportunity costs.
Second, the cross-sectoral plan selected fewer planning units
than sector-specific plans, resulting in a slightly smaller total
area protected. This is driven by having fewer no-cost cells,
which allows the selection of fewer but more expensive planning
units. The selection of fewer planning units may help reduce
enforcement costs.>’ Third, the cross-sectoral plan is most
similar to the fishing-specific plan. This similarity will facilitate im-
plementation, considering the importance of the fishing sector in
negotiating MPA boundaries in ABNJs.>? Last, cross-sectoral,
strategic environmental assessments on a basin scale provide
opportunities to identify the most efficient places to meet con-
servation targets across a broader range of options, resulting
in cheaper, more efficient plans than can be developed by mul-
tiple, smaller-scale sectoral plans (e.g., the International Seabed
Authority [ISA] focusing on the Mid-Atlantic Ridge, rather than a
basin-wide approach). The approach developed may therefore
support not only efforts to reach the 30 x 30 target, but also
the United Nations’ push for better cooperation between secto-
ral management organizations.”%%:5%°4

While we advocate for the use of no-take cross-sectoral
MPAs, other effective conservation measures (OECMs) can
have the dual advantage of mitigating seasonal pressures
when well managed and offering greater flexibility to specific
stakeholders.'”*° In the marine realm, OECMs have proven use-
ful to maintain biodiversity through appropriate fisheries man-
agement.”®°’ As such, cross-sectoral core MPAs could be com-
plemented with conservation-sensitive fisheries closures in
areas where the fishing industry would incur the highest losses,
as shown by the replacement cost score metric.°®* OECMs could
also complement the cross-sectoral approach developed by
creating seasonal buffers around deep-sea mining activities to
better mitigate the risk of pollutants being transported down-
stream by seasonal currents.'®*° Further, dynamic spatial man-
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agement might be especially appropriate to mitigate impacts of
climate change, particularly regarding fisheries. Indeed, warm-
ing has impacts on productivity,® fish distributions,® and migra-
tions,®'~®% which increase the likelihood of conflicts in fisheries
management.®* Finally, creating seasonal “stepping stones”
in-between reserves to account for migratory behaviors could
ensure effective connectivity among MPAs,*6°

While ecological connectivity is not explicitly considered in our
spatial plans, both sector-specific and cross-sectoral plans offer
opportunities for connectivity with MPAs in national waters of
neighboring countries. In the southwest, MPAs in ABNJs could
be connected to MPAs in Madagascar, Mozambique, and South
Africa via the Agulhas Current.®>® Further downstream, the
Agulhas Return Current could link the proposed MPAs in
ABNJs with large MPAs found in national waters of France and
the United Kingdom in the Southern Ocean (Prince Edward Is-
land, French Austral Land and Seas, McDonald Island).®® In the
northwest, the South Equatorial Current could connect MPAs
in British Overseas Territories (Chagos, Amirante, Aldabra Atoll)
with the proposed MPA over the Mascarene Plateau. The South
Equatorial Current connects these biodiversity-rich areas to the
coasts of Kenya and Somalia, improving food security.*°

In the northern Indian Ocean, the mining-specific and shipping-
specific plans could be complemented with OECMs to ensure
better connectivity with the Red Sea and MPAs off the Omani
coast, which may nonetheless be realized seasonally in all spatial
plans, depending on monsoons.®” Fishing-specific, shipping-spe-
cific, and cross-sectoral MPAs in the eastern Indian Ocean (e.g.,
over the northern part of Ninety East Ridge) could be connected
to the Coral Triangle through the South Java Current and to
Australian MPAs through the Leeuwin Current. The establishment
of OECMs around Christmas and Cocos islands could provide
further stepping stones for key life-cycle events in that region.®®

Caveats

There are several caveats in our study that should be considered.
First, to calculate the opportunity cost for the mining sector we
used mean values for the crust thickness,®” bulk density,”” and
mineral composition®”®*’® in the area where minerals are
found,*® as more detailed spatial information was unavailable.
Second, although we used metal prices predicted over the
next decade,”’ uncertainty in future metal prices is high given
their history of fluctuations in global markets.”” Third, there are
no publicly available estimates of the amount of mineable poly-
metallic sulfides in the Indian Ocean, which, unlike nodules or
crusts, are found within vents and under the seafloor to unknown
depths. Therefore, we removed areas where sulfide exploration
contracts have already been issued but could not add the value
of this resource to our cost layer. Yearly production data could
be calculated after exploitation commences in the coming
decade.?® Fourth, while opportunity costs are not directly com-
parable across sectors in monetary terms, we used a relative op-
portunity cost, expressed as the percentage of the total possible
opportunity cost for that sector, which enabled comparison
across sectors. The opportunity cost for each sector was ex-
pressed in units most relevant for that sector, in line with avail-
able data.?®*%"® Fifth, the spatial resolution of 1,000 km? yields
over 33,000 planning units covering the planning region. While
this is relatively coarse and might miss sub-grid-scale processes
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that could be important for biodiversity,'>*° a coarser spatial

scale is often suitable in the open ocean.'®""* Sixth, although
shipping impacts could be minimal in ABNJs, there is evidence
that ship strikes might be more important than previously
thought.'* Seventh, although we used 8-year-old ship traffic
data,® the location of major shipping routes is unlikely to have
substantially changed. More recent data on shipping traffic in
the Indian Ocean were held by private companies. Eighth, we
did not consider migratory connectivity’® or larval circulation®’
in the reserve design, although both could benefit both biodiver-
sity and food security.**:%® Last, we manually adjusted the pro-
tection target for active hydrothermal vents to 68% rather than
70% (Figure S2). The initial target of 70% that was assigned to
vents because of their high vulnerability®® could not be met
because numerous vents in the Indian Ocean overlap with sulfide
exploration contracts.

Conclusions

This study develops a novel approach for systematic conserva-
tion planning in ABNJs. It integrates biodiversity features from
the ocean surface to the seafloor, while considering the interests
of three major maritime stakeholders: the fishing, shipping, and
deep-sea mining sectors. We found that there were economic
benefits and smaller areas protected in the cross-sectoral plan
compared with sector-specific planning, and the fishing sector
was the primary driver of the cross-sectoral plan.

As human activity expands into ABNJs, steps are being taken to
better manage its impacts.?***°? Marine conservation is gaining
momentum globally with the 2021-2030 United Nations’ Decade
for Ocean Science and Sustainable Development, the expansion
of area-based conservation targets under the Kunming-Montreal
Global Biodiversity Framework, and the recently signed High
Seas Treaty to protect biodiversity beyond national jurisdic-
tion.*”® We hope that the methodology developed here can stim-
ulate research into cross-sectoral MPAs that will better protect
marine life.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Léa Fourchault (lea.
fourchault@wanadoo.fr, Ifourchault@naturalsciences.be).

Materials availability

All data reported in this paper will be shared by the lead contact upon request.
Data and code availability

All the code has been deposited at https://github.com/tropileaf/Indian-Ocean-
SCP and will be made publicly available as of the date of publication.

Materials
Links to materials can be found in Table S2.

Methods

Software and packages

Spatial data were imported, rasterized, projected, cropped, overlaid with, and
summed using the “raster,” “terra,” “sf,” and “exactextractr” R packages
(Tables S2 and S3). Spatial planning analyses were conducted using the “pri-
oritizr” R package.””

Planning region

The planning region was the ABNJs of the Indian Ocean from 34°N to 45°S and
from 018°E to 120°E to maximize the inclusion of ecological data of interest

¢ CellP’ress

while excluding lower-quality fisheries cost data farther south (Figure 2A).
The planning region was divided into 33,380 hexagonal planning units of
1,000 km? each using the Mollweide projection (ESRI:54009), with no
depth limit.

Biodiversity data

We used the following biodiversity datasets to characterize key life-cycle areas
and ecosystems across depth layers in the ABNJs of the Indian Ocean
(Table S2 and Figures 2C-2H). Specifically, we used Important Bird Areas
and Important Marine Mammal Areas as indicators of biodiverse and produc-
tive ecosystems, as these megafauna act as umbrella species for other spe-
cies of concern’® (Figures 2C and 2D). We also included some areas identified
by the Ecologically and Biologically Significant Area process of the Convention
on Biological Diversity, which highlight areas that meet specific ecological
criteria (Decision 1X/20, Annex 1)’®7° (Figure 2E and Table S2). In addition,
we included geomorphic features, such as inactive and active hydrothermal
vents® and seamounts and plateaus,” taken from the Blue Habitats database
(Figures 2F-2H). These features support benthic and demersal communities
by offering a range of substrates and concentrating plankton-rich currents.®’
Although systematic conservation planning exercises often incorporate spe-
cies-level data, we were unable to access suitable species-level data for our
study area. For example, global species’ range maps, such as those from
AquaMaps or the International Union for Conservation of Nature (IUCN), could
bias our analysis because their source biological observations have relatively
limited coverage of the Indian Ocean and undersample key habitats in our
planning region, such as seamounts® and the deep ocean.®?:%
Conservation features and targets

We used the biodiversity datasets to define the conservation features for the
spatial prioritization analyses (summarized in Table S2). To ensure adequate
coverage of each conservation feature, we set a minimum (target) threshold
for each conservation feature.>®* Using a class-based version of inverse-
weighted range-based targets,'® we assigned conservation targets based on
the spatial extent and vulnerability of each conservation feature (Table S2). In
line with aims of the IUCN for marine conservation by 2030,%° we assigned a
30% representative conservation target to conservation features with large
spatial extents (>1,000 planning units, i.e., 1,000,000 km?) or that represent a
group of widespread features, such as seamounts. By contrast, we assigned
a protective target of 70% to smaller or vulnerable features.

Special areas data

We characterized anthropogenic activity in the study area to ensure that our
spatial prioritizations are feasible given existing management practices. We
obtained data to characterize the spatial extent of areas leased for deep-sea
mining activities from the ISA in 2022. Since legal obligations and economic in-
terests would impede implementation of MPAs in reserved and exploration
areas,”® we identified planning units covered by such areas (Figure 2B).
When contractors from high-income nations are granted rights to mineral
exploration areas by the ISA, they contribute reserved areas to lower-income
nations, following the principle that international seafloor resources are the
common heritage of humankind (1994 Agreement, Annex, Section 2). Both
reserved and exploration areas are subject to habitat degradation, such as
sediment compaction in line with mineral extraction, and may thus cause lower
biodiversity and abundance over multiple decades.*®

Opportunity cost data

We characterized opportunity costs for implementing MPAs to fishing, ship-
ping, and deep-sea mining sectors separately. Other activities—including hy-
drocarbon mining, telecommunication cabling, and bioprospecting activ-
ities—were not considered, although they could be in the future.®* We
expressed opportunity costs as monetary loss (USD) due to foregone extrac-
tive activities for the fishing and deep-sea mining industries and in terms of
numbers of affected ships (i.e., rerouted or canceled trips) for the shipping
sector (Figure 3). We calculated these costs using the procedures discussed
in the following sections.

Fishing. To estimate the cost layer representing the fisheries value (USD) of
each planning unit, we multiplied a global database of catch (kg) and price
(USD kg~ ") for each species caught.'® For catch data, we used fishing records
for 1,242 species of fish and invertebrates at 0.5° resolution®® interpolated to
account for missing values and including an estimate of illegal, unreported,
and unregulated fishing recorded as discards. For the price data, we used
the mean price of each species (USD) from the Sea Around Us dataset. These
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Figure 2. Input features

Maps show (A) planning region, (B) locked-out areas (related to mining), and (C-H) conservation features. In addition to various ecosystem types, conservation
features include Ecologically and Biologically Significant Areas (EBSAs, features 1-10 described in Table S2), Important Marine Mammal Areas (IMMAs), and
Important Bird Areas (IBAs). In the future, mining exploration areas and reserved areas are destined to define areas of commercial uses of deep-sea minerals (as
per the International Seabed Authority’s terminology).
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Maps showing the opportunity cost to (A) the fishing sector, (B) the shipping sector, and (C) the deep-sea mining sector. Details are described in Table S1.

estimates were summed within each planning unit and vary from USD 0.8 to
9,524 year'.
Shipping. To estimate shipping intensity, we obtained data from Halpern
et al.®® that delineated the spatial distribution of traffic density, expressed as
the mean number of commercial vessels per year pixel (approximately 1 km?
resolution). The opportunity cost was expressed as the number of ships
affected (year™"), i.e., trips that will be rerouted or canceled because of the
proposed MPAs. These estimates for all planning units varied from 0 to
382,941 ships year . In the future, the number of affected ships could be
translated into monetary terms to facilitate comparison with other sectors: iter-
ative stakeholder engagement could help estimate how MPAs might influence
ship trajectories and extra costs of longer traverses.
Deep-sea mining. We created a cost dataset representing the future oppor-
tunity cost for the deep-sea mining sector based on two major deep-sea-min-
ing resources: polymetallic nodules and cobalt-rich ferromanganese crusts
(Figure 2).°° Using spatial data from Petersen et al.*>’ for mineral distribution,
the total amount of resources within the planning region was calculated by
multiplying surface area by deposit density (for polymetallic nodules) or crust
thickness and bulk density (for cobalt-rich ferromanganese crusts).*"°

A monetary value was then assigned using predicted prices (USD) of cop-
per, cobalt, and nickel multiplied by the average amount of metals (ppm) within
each resource type.”®®%"! Metal prices used in this analysis were based on
those predicted over the coming decade (2020-2034"). Using the “raster”
R package, a raster of the predicted value of polymetallic nodules and co-
balt-rich crusts was applied to their distribution,®” at a resolution matching
that of the shipping and fishing rasters (1 km?). The “exactextractr” R package
was then used to obtain the value of each planning unit by summing the values
of minerals contained within that planning unit (Table S3), with estimates vary-
ing from USD 0 to 14,307,812,352.

Data treatment

To ensure consistency in spatial data, vector data linked to the mining sector
were rasterized at a resolution matching that of the raster layers for the ship-
ping and fishing datasets (1 km?; see Table S3). All spatial data were projected
to an equal-area Mollweide projection. Temporal scales considered in this
analysis partially overlap for the fishing and shipping dataset (2010s), with
about a decade difference with the mining dataset (2020s/2030s). We used
a relative opportunity cost expressed as a percentage of the total opportunity
cost, so that if the total opportunity cost were to change in absolute terms (e.g.,
arise in the number of vessels or the price of fish or a drop in metal prices after
deep-sea mining commences on an industrial scale), the relative opportunity
cost may still be representative of the impact of a no-take MPA on that sector.
Spatial prioritization

We created spatial plans using systematic conservation planning procedures.®
Specifically, spatial plans were generated as prioritizations formulated using
the minimum set objective.'® This problem formulation aims to minimize a
measure of cost while ensuring that conservation targets are met for all conser-
vation features. Using this formulation, four prioritizations were generated. For
the three sector-specific spatial plans, each planning unit had a value repre-
senting its importance for reaching conservation targets and a value repre-
senting its economic importance to the focal sector. The sector-specific
spatial plans were generated by selecting areas that would result in the least
cost to each sector, while still meeting the conservation targets.

The cross-sectoral spatial plan was generated to account for opportunity
costs to the three sectors simultaneously. To achieve this, a multiobjective
optimization technique was employed (based on the e-constraint method).
Briefly, instead of considering costs for each sector as part of the objective
function for the optimization process, a set of linear constraints (one for
each sector) was added to the problem formulation to ensure that the
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maximum cost associated with each sector would not exceed a particular
threshold. An iterative procedure was then used to identify a suitable threshold
for the threshold for each sector-specific constraint. The procedure started
with setting the threshold values to be equal to the minimum opportunity costs
identified in the sector-specific prioritizations (i.e., 19.5%, 0.6%, and 1.6% of
the total possible opportunity cost for the fishing, shipping, and deep-sea-min-
ing cost layers, respectively) (Table 1). Since attempting to solve this problem
yielded infeasible solutions—because it was not possible to generate a prior-
itization that would satisfy all the targets for the conservation features and also
satisfy all the sector constraints given these particular threshold values—each
of the threshold values was incremented by 0.1% and then another prioritiza-
tion was generated. This procedure was repeated until it yielded a feasible so-
lution. Thus, the cross-sector prioritization satisfied the targets for all features
for minimum cost across each of the three sectors, relative to the optimal cost
that could be achieved when considering each sector separately.

All spatial plans were solved to optimality (gap = 0) using the Gurobi optimi-
zation solver.?” Specifically, Gurobi uses exact algorithms, such as the branch
and bound®® and barrier algorithm,®° with the additional functionality offered
by presolve algorithms.*°
Reserve characteristics
After generating the spatial plans, we performed several analyses to facilitate
comparisons. First, each sector-specific spatial plan was analyzed using the
replacement cost score (implemented in the “prioritizr” R package), a modified
version of the economic exclusion cost.”’ This metric highlights areas of lower
flexibility for planning unit selection. It corresponds to the additional cost
incurred if a given planning unit cannot be acquired when implementing the so-
lution and the next best planning unit needs to be selected instead. Second,
we compared characteristics of all sector-specific and cross-sectoral spatial
plans in terms of MPA size and relative opportunity cost. While the use of
sector-specific units hinders a direct comparison among sectors, the compar-
ison is made possible through the calculation of relative opportunity costs. The
relative opportunity cost is the opportunity cost incurred for one sector, ex-
pressed as the percentage of the total possible opportunity cost for that
sector. Last, we investigated whether the chosen conservation targets were
met or exceeded. Targets can be exceeded when the cost of conserving a
greater amount of the feature is null, i.e., when multiple features overlap or
when a stakeholder has no economic interests in the area.

Sensitivity analysis

To evaluate the sensitivity of the sector-specific spatial plans to the chosen
conservation features, we evaluated the change in reserve cost with and
without each type of conservation feature (Table S1). We also evaluated the
impact of the chosen targets on reserve size by increasing targets from 10%
to 90% in 10% increments, where the fishing-specific MPA size increased lin-
early with increasing costs, while mining- and shipping-specific MPAs showed
alower increase, in line with larger initial reserves. To evaluate the sensitivity of
the cross-sectoral spatial plan, we evaluated the reduction in size when simul-
taneously increasing sets of thresholds by 0.1% (i.e., maximal opportunity
costs allowed for each sector).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
oneear.2023.12.006.
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